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We present an anisotropy of the hysteretic transport around the spin transition point at the
Landau level filling factor ν = 2/3 in a tilted magnetic field. When the direction of the in-plane
component of the magnetic field B‖ is normal to the probe current I , a strong hysteretic
transport due to the current-induced nuclear spin polarization occurs. When B‖ is parallel to
I , on the other hand, the hysteresis almost disappears. We also demonstrate that the nuclear
spin-lattice relaxation rate T−11 at the transition point increases with decreasing angle between
the directions of B‖ and I . These results suggest that the morphology of electron spin domains
around ν = 2/3 is affected by the current direction.
KEYWORDs: two-dimensional electron system, fractional quantum Hall effect, phase transi-
tion, domain structure, nuclear spin system, hyperfine interaction, nuclear spin-lattice relaxation
rate
An incompressible quantum liquid state of the frac-
tional quantum Hall (QH) effect occurs as a consequence
of strong electron-electron interactions in high magnetic
field and has continued to be one of the most absorb-
ing subjects in solid state physics.1) In addition, the spin
degree of freedom provides a rich variety of quantum phe-
nomena in fractional QH states. Because of the small Zee-
man energy of electrons in GaAs, ground states with spin
configurations other than the fully polarized one are pos-
sible, and transitions between different spin states have
been observed at various fractional filling factors ν.2–4)
At the spin transition point of ν = 2/3, an anoma-
lous magnetoresistance Rxx peak with hysteretic trans-
port has been observed.4–9) Resistively - detected nuclear
magnetic resonance measurements have shown the in-
volvement of the nuclear spin polarization in the origin
of the Rxx peak.
5, 7–9) At the transition point, two frac-
tional QH states with different spin configurations de-
generate energetically and an electronic domain struc-
ture is formed.9, 10) Because the domain wall between
the two fractional QH states connects the edge chan-
nels with opposite current direction, the backscattering
of electrons through the domain wall increases Rxx.
11)
In addition, it is believed that when a current passes
across a domain boundary, electron spins flip-flop scat-
ter nuclear spins, inducing nuclear spin polarization.7–9)
The current-induced nuclear spin polarization reacts on
the electronic domain structure through the hyperfine
interaction and changes the properties of the domain
structure. This mutual interplay between the domain
structure and the current-induced nuclear spin polar-
∗E-mail address: iwata@tfu-mail.tfu.ac.jp
ization causes a long-time variation of Rxx in propor-
tion to the nuclear polarization.5, 7) Moreover, hysteresis
in Rxx, taken with upward and downward field sweeps,
has been observed around the transition point, indicat-
ing that the degree of nuclear spin polarization depends
on the sweep direction.4, 8, 9) However, despite intensive
works, details of the domain structure and the mecha-
nism of the current-induced nuclear spin polarization are
still unclear.
In this report, we investigate the hysteresis around
ν = 2/3 in a tilted magnetic field to understand how
the domain structure is developed by interplay between
the domains and nuclear spin polarization. We present
the anisotropic behavior of the hysteresis against the rel-
ative directions of the in-plane magnetic field B‖ and the
probe current I. When the direction of I is orthogonal
to that of B‖, a large hysteresis appears. When I flows
parallel to B‖, on the other hand, the hysteresis almost
disappears. By changing the angle φ between the direc-
tions of I and B‖ continuously, we demonstrate that the
hysteresis becomes weaker with decreasing φ. Moreover,
we measure nuclear spin-lattice relaxation rate T−11 at
the spin phase transition point of ν = 2/3. T−11 increases
gradually with decreasing φ, as is consistent with the be-
havior of the hysteresis. These results suggest that the
morphology of the domain structure is affected by the I
direction and the properties of electron spin fluctuations
in domain walls depend on the B‖ direction.
The sample employed in this study consists of a 20-
nm-wide GaAs/AlGaAs quantum well and has been
processed into a 50-µm-wide Hall bar with a voltage
probe distance of 180µm. Electron density n can be
1
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Fig. 1. (Color online) Rxx as a function of B⊥ for several values
of θ around ν = 2/3 at n = 0.8 × 1011 cm−2 and T = 70mK.
I passes perpendicular to B‖ (φ = 90
◦) in (a), and parallel to
B‖ (φ = 0
◦) in (b). The solid and dashed traces are obtained by
sweeping the magnetic field upward and downward, respectively.
Traces are vertically offset by 7 kΩ for clarity. The vertical lines
represent B⊥ for just ν = 2/3. The insets in (a) and (b) illustrate
the definitions of θ and φ, respectively.
controlled by a gate. The low-temperature mobility is
8.0 × 105 cm2/Vs at n = 0.8× 1011 cm−2. We measured
Rxx and Hall resistance Rxy by a standard low-frequency
AC lock-in technique with a frequency of 17.7Hz in a
dilution refrigerator with a base temperature of T =
70mK. The magnetic field is swept slowly (0.13T/min)
to observe the hysteresis.7)
To investigate the anisotropic transport with respect
to the direction of B‖, we developed a high-precision two-
axis in situ goniometer,12) with which we can control
not only φ (inset in Fig. 1(b)) but also the azimuthal
angle θ representing the ratio of B‖ to the perpendicular
field B⊥, i.e., θ = arctan(B‖/B⊥) [inset in Fig. 1(a)].
These angles are calibrated by Rxy of the sample and
a conventional Hall element attached to the goniometer
perpendicular to the sample.
First, we demonstrate anisotropic transport around
the ν = 2/3 QH state under the tilted magnetic field.
Figure 1 shows Rxx as a function of B⊥ around ν = 2/3
for several θ with I = 10nA at n = 0.8 × 1011 cm−2. In
Figs. 1(a) and 1(b), φ is fixed at 90◦ and 0◦, respectively.
The solid (dashed) traces represent Rxx taken with up-
ward (downward) sweep of the field. For the both values
of φ, as θ is increased from θ = 0◦, the well-developed
Rxx minimum at ν = 2/3 disappears at θ = 35.2
◦ and
reappears for larger θ. At θ = 35.2◦, while a hysteresis
between upward and downward field sweeps appears at
φ = 90◦, it almost disappears at φ = 0◦.
The disappearance and reappearance of the Rxx min-
imum are known to be caused by the phase transition
from the spin-unpolarized state for smaller θ to the spin-
polarized state for larger θ.1–4, 8, 9) At small and large θ,
Rxx for φ = 0
◦ and 90◦ shows similar behavior, indicat-
ing that the relative direction between I and B‖ does not
influence the stability of the fractional QH state or the
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Fig. 2. (Color online) Rxx as a function of B⊥ for several values
of I for (a) φ = 0◦ and (b) φ = 90◦ at T = 70mK and θ = 35.2◦.
The electron density is n = 0.8×1011 cm−2. Arrows indicate the
directions of the field sweeps. Traces are vertically offset by 5 kΩ
for clarity.
dissipation of the electrons. However, at the transition
angle θ = 35.2◦, there is a large difference in the appear-
ance of the hysteresis, which is related to the current-
induced nuclear spin polarization.4, 8, 9) At the transition
angle, it has been argued that electronic domains are
formed and the nuclear polarization is induced by the
flip-flop process around domain walls.4, 7–9) Therefore,
the anisotropy of the hysteresis indicates that either the
domain structure or the nuclear spin polarization or both
are affected by the relative direction between I and B‖.
It is worth noting that since the spin transition in the
ν = 2/3 QH state can be induced by changing n,4, 9) we
can investigate the hysteresis at a small angle, θ = 1.9◦,
with a higher density, n = 1.2× 1011 cm−2. In this case,
there is no anisotropy between φ = 0◦ and 90◦, showing
that the magnitude of B‖ is important for inducing the
anisotropy.
To elucidate the anisotropic behavior of the hystere-
sis, we measure the current dependence of the hysteresis
while θ is fixed at the spin transition angle θ = 35.2◦.
Figures 2(a) and 2(b) display Rxx for several values of I
at T = 70mK for φ = 90◦and 0◦, respectively. When the
current is small (I = 1nA), the hysteresis does not oc-
cur for either angle. As the current is increased to I = 5
and 10 nA, the hysteresis emerges only at φ = 90◦. On
increasing I further to I = 20 and 30 nA, the hysteresis
appears at not only φ = 90◦ but also φ = 0◦.
The disappearance of the hysteresis at I = 1nA is
consistent with previous results8, 9) ; at such a small cur-
rent, the nuclear spin polarization is too small to drive
the hysteresis. For 5 < I < 20 nA, strong anisotropy ap-
pears, indicating that there is a large anisotropy of the
magnitude of the nuclear polarization. For larger cur-
rent (I > 20 nA), as we will show below, the rate of
nuclear spin pumping by the current is much faster than
the nuclear spin relaxation rate and the strong hysteresis
appears regardless of φ.
We also investigate the φ dependence of the hysteresis
J. Phys. Soc. Jpn. Letter Author Name 3
40 
30 
20 
10 
0 
6.5 6.0 5.5 5.0 4.5 4.0 3.5
B
⊥ 
[T]
R
xx
 
 
[kΩ
]
φ = 90°
= 75°
= 60°
= 45°
= 30°
= 15°
=  0°
Fig. 3. (Color online) Rxx vs B⊥ for several φ at the transition
angle (θ = 35.2◦) with I = 10nA. The temperature and the
electron density are T = 70mK and n = 0.8 × 1011 cm−2, re-
spectively. Traces are vertically offset by 5 kΩ for each curve.
Solid and dashed lines correspond to traces at upward and down-
ward field sweeps, respectively. As φ is decreased, the hysteresis
becomes small and almost disappears at φ = 0◦.
at θ = 35.2◦. Figure 3 shows Rxx as a function of B⊥
at several φ at T = 70mK. We apply the current of
I = 10nA to investigate the anisotropy. The strongest
hysteresis appears at φ = 90◦, becomes weak gradually
with decreasing φ, and then almost disappears at φ = 0◦.
These results show that the anisotropy emerges when the
rate of current-induced nuclear polarization is finite but
relatively small.
To investigate the origin of the anisotropy, we study
the nuclear spin-lattice relaxation rate T−11 and the nu-
clear spin pumping rate. Figure 4 (a) shows the time evo-
lution of Rxx at the spin transition point at θ = 35.2
◦.
When the large current (I = 10nA) is applied, Rxx in-
creases with time because of pumping of the nuclear spin
polarization. We wait about 800 s from the increment of
the current and then reduce the current to 1 nA, where
Rxx decreases with time to the value before the current
pumping. Figure 4(b) shows log-scale plots of ∆Rxx de-
fined as Rxx(t) − Rxx(0) as a function of time after I is
reduced to I = 1nA (t > 850 s). Open and closed circles
denote the data for φ = 90◦ and 0◦, respectively.
By fitting the data with ∆Rxx ∝ exp(−t/T1), we ob-
tain T−11 = 5.5 × 10
−3 s−1 for φ = 0◦ and T−11 =
3.5 × 10−3 s−1 for φ = 90◦. Since Hashimoto et al. have
shown that the magnitude of ∆Rxx is proportional to
the nuclear spin polarization7) and the current pumping
does not occur with I = 1nA at T = 70mK, as we see in
Fig. 2, T−11 reflects the relaxation of the current-induced
nuclear spin polarization. Figure 4 (c) displays T−11 as a
function of φ at the spin transition point. The data show
that T−11 increases with decreasing φ, as is consistent
with the φ dependence of hysteresis.
We also analyze the nuclear spin pumping rate T−1p for
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Fig. 4. (Color online) (a) Relaxation measurement at the Rxx
peak in Fig. 2 at 90◦ at T = 70mK. (b) Log-scale plot of (a)
after I is reduced to 1 nA. Open and closed circles are for the
data at φ = 90◦ and 0◦, respectively. Sold lines represent fitting
by ∆Rxx ∝ exp(−t/T1). (c) T
−1
1 as a function of φ. The curve
is a guide for the eye. T−11 increases with decreasing φ. (d) T
−1
p
as a function of pumping current. Open (closed) circles are for
the data at φ = 90◦ (0◦). The lines are guides for the eye. In
the inset, the solid and dashed lines show the temporal evolution
of ∆Rxx and the result of the fitting for I =10nA, respectively.
The traces for φ = 90◦ are vertically offset by 2 kΩ.
several values of the pumping current. By solving the rate
equation dP/dt= (1 − P )T−1p − P T
−1
1 , where P is the
nuclear spin polarization, we obtain the time evolution
of P as P = T−1p /(T
−1
p +T
−1
1 ) [1−exp{−(T
−1
p +T
−1
1 ) t}].
By fitting the time evolution of ∆Rxx during the nu-
clear spin pumping process with T−11 obtained by the
relaxation measurements (Fig. 4(b)), we can find T−1p .
Figure 4(d) shows T−1p as a function of pumping current
for the two angles. The inset in Fig. 4(d) displays the
temporal evolution of ∆Rxx at the peak with pumping
current I = 10nA for the two angles (solid lines), and
the result of fitting (broken lines). The data show that
T−1p increases with the current value and has anisotropy.
At I = 30nA, T−1p = 12 × 10
−3 s−1 for φ = 0◦ and
20 × 10−3 s−1 for φ = 90◦ are much larger than T−11 ,
reflecting that the hysteresis appears for both φs. On the
other hand, at I = 10nA, while T−1p is about twice larger
than T−11 for φ = 90
◦, the one for φ = 0◦ is similar to
T−11 . This difference leads to the anisotropy of hystere-
sis, as seen above. Thus the anisotropy of hysteresis is
relevant to the anisotropies of T−11 and T
−1
p .
Here, we discuss the origin of the anisotropies of T−11
and T−1p . On the one hand, because electron and nu-
clear spins are coupled through the hyperfine interac-
tion, it is known that the value of T−11 is enhanced by
low-frequency electron spin fluctuation.7, 13, 14) Moreover,
considering that a typical value of T−11 in a quantum
Hall system is about 10−3 s−1,15) our result indicates
that there are low-frequency electron spin fluctuations
at the spin transition point, and the wavelength of the
electron fluctuation has an anisotropy against φ. On the
other hand, since the current-induced nuclear polariza-
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tion is induced when an electron passes across the do-
main wall, the anisotropy of T−1p shows that the number
of electrons passing across the domain wall is different
between the two angles. Note that, recently, Nakajima
et al. demonstrated the outward nuclear spin diffusion of
a two-dimensional electron system and discussed that the
decay of the nuclear polarization in the quantum well is
influenced by not only electron-nuclear spin interactions
but also the diffusion of nuclear spin polarization.16) In
this experiment, the long pumping time period (800 s)
also leads to the diffusion of nuclear polarization to the
outside of the quantum well. Although the nuclear spin
diffusion affects T−11 , its influence should be independent
of φ, and the observed anisotropy of T−11 is due to the
anisotropy of electron-nuclear interactions.
Since there is an energy gap of electron spin fluc-
tuations in the domains of the spin-polarized and -
unpolarized QH states,14) the electron spin fluctuations
hardly occur in each domain. We speculate that the elec-
tron spins fluctuate at the domain walls and one possibil-
ity of the origin of the anisotropies is relevant to the mor-
phology of the electronic domain structure. If the domain
structure has a unidirectional form determined by the di-
rection of I, it will lead to a difference in the number of
electrons passing across the domain wall and in the wave-
length of electron spin fluctuation along the domain wall
because the wavelength of the electron spin fluctuation
in the domain wall may have a large anisotropy, i.e., the
electron fluctuation has a long-wavelength mode along
the domain wall, whereas across the domain wall, their
wavelength is limited by the width of the domain wall.
Previous works have shown that the occurrence of Rxx
at the phase transition point is caused by connecting the
edge channels through the domain wall.5, 11) Moreover,
the temporal evolution of Rxx is induced by the mod-
ulation of the domain structure by the current-induced
nuclear polarization,7, 8) implying that the domain wall
extends in the across-the-width direction of the Hall bar.
Thus, it remains possible that the development of the
domain structure is influenced by the current direction.
Finally, we must comment on the effect of B‖ on the
electron spin fluctuation in the domain wall. Because the
Zeeman energy tends to align electron spins along the
applied magnetic field, the properties of electron spin
fluctuation in the domain wall should be influenced by
B‖ and the direction of the fluctuation in the domain wall
may be determined by the relative direction between B‖
and the domain wall.
In summary, we studied the anisotropic behavior
of the hysteretic transport of Rxx induced by the
current-induced nuclear spin polarization by altering
the angles between I and B‖ at the spin transition
point of the ν = 2/3 fractional QH state. We found that
marked hysteresis appears when B‖ is orthogonal to I,
but it disappears when B‖ is parallel to I, showing that
the current-induced nuclear spin polarization decreases
with φ. We also investigated T−11 and T
−1
p at the spin
transition point. The φ dependence of T−11 implies that
there is a low-frequency electron spin fluctuation when
the direction of I is parallel to B‖, and it is suppressed
with increasing φ. In addition, the difference in T−1p
indicates that the number of electrons passing across
the domain wall depends on φ. These results lead us
to the picture that the origin of the anisotropy of the
current-induced nuclear spin polarization is related to
the morphology of the electronic domain structure.
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